Abstract-In this paper, an analysis on the suitability of employing a colorimetric analysis of the acquired plasma spectra to perform on-line arc-welding quality monitoring will be discussed. Different colorimetric parameters like the color temperature or the parameters associated with the hue, saturation, luminance color space will be evaluated in comparison with the standard approach based on the estimation of the plasma electronic temperature. This approach does not require the identification of the emission lines involved in the analysis, thus giving rise to a more efficient solution in terms of computational efficiency, and avoiding unambiguous identifications that may give rise to incorrect results. In particular, experimental tests performed with a tungsten inert gas arc-welding process will show the feasibility of using the proposed solution and its ability to perform an online detection of different welding perturbations.
I. INTRODUCTION

D
IFFERENT industrial scenarios involve an extensive employment of welding processes, like the manufacturing of automobiles, aeronautics or the naval or energy sectors, just to mention some examples. In some of these situations the requirements in terms of the associated quality standards are very demanding, thus giving rise to the necessity of assessing the final quality of those products. Although nowadays different NDT (Non-destructive techniques) are employed to detect possible defects once the seam has been created, an intense research effort has been devoted in the last years to find reliable monitoring solutions able to provide information in real time about these processes.
In this regard there are a wide range of different approaches that go from machine vision [1] , even with sophisticated setups to obtain an optimal vision of the weld pool by means of laser illumination [2] , to infrared thermography [3] , or electrical [4] or acoustic monitoring [5] . The analysis of Manuscript received January 16, 2015; accepted March 2, 2015. Date of publication March 18, 2015 ; date of current version April 8, 2016 . This work was supported by Project TEC2013-47264-C2-1-R. This paper was presented (oral presentation) at the IEEE Sensors 2014 Conference, Valencia, Spain. The associate editor coordinating the review of this paper and approving it for publication was Dr. Andrea Cusano.
The the light emitted by the plasma formed during the welding process by means of plasma optical spectroscopy is a very promising solution in this regard. It is worth noting that this approach allows to access the information associated with the atomic emission lines of the different species involved in the process, thus enabling a powerful analysis. The so-called traditional spectroscopic approach is based on the estimation of the plasma electronic temperature T e , given the known correlation between this parameter and the quality of the associated seams [6] . The method to obtain T e commonly only relies in the use of a single plasma species and the sensitivity of this parameter to different welding flaws may vary, thus compromising the system performance [6] . In addition, the calculation of T e requires several processing stages [7] , where the line identification step might be complicated. On the one hand, this stage might be the most demanding in terms of computational times if a real-time identification is needed. On the other hand, and most importantly, an unambiguous identification of the emission lines might prove especially difficult depending on the optical resolution of the spectrometers involved and the elements participating in the process. In this regard, the employment of monitoring approaches avoiding this requirement would be interesting, like the analysis of the plasma continuum radiation [8] , the lineto-continuum method [9] or the use of the plasma-RMS signal [10] . Within this framework, we propose the use of a colorimetric approach to carry out the welding diagnostics. Although a few works have dealt with solutions based on colorimetry [11] , none of them has offered a detailed comparison between the results derived from both T e and the colorimetric parameters for different welding perturbations. In this paper we propose the employment of a colorimetric approach for welding monitoring based on the use of the HSL color space and the color temperature. The feasibility of this solution will be explored by means of arc-welding tests. where only two emission lines for the same species (same element in the same ionization stage) are involved:
where E m is the upper level energy of state m, k the Boltzmann constant, I the emission line intensity, A the transition probability, g the statistical weight and λ the wavelength for the emission lines 1 and 2.
A more accurate estimation of the plasma temperature can be obtained via the Boltzmann plot method, which can be derived from the Boltzmann equation and the expression relating the intensity of a given emission line to the population density of the upper level. In this case, several emission lines should be used in the following expression:
where h is the Planck constant, c the light velocity, N the population density (of state m) and Z the partition function.
To obtain T e with this method it is necessary to represent the left hand-side of Eq. (2) versus E m , and then apply a linear regression to the points in the plot derived from the different lines. The latter typically avoids its use in real-time scenarios, as Eq. (1) is more efficient in terms of the computational times involved and the accuracy in the estimation of T e is not so relevant for industrial applications. In addition, the use of more emission lines increases the probability of incorrect identifications, thus giving rise to unexpected results.
B. Colorimetric Analysis via Color Temperature and the HSL Color Space
The vision process in human beings is defined by two different photoreceptors: cones and rods. The former are those responsible for color vision, and are divided into three types: S, M and L cones (for short, medium and long (wavelengths), associated with the detection of wavelengths with peaks at approximately 420 to 440, 534 to 545 and 564 to 580 nm). To perform a colorimetric analysis it is necessary to previously define the curves associated with the spectral sensitivity of these three detectors, i.e. a color space. A color space can be defined as a completely specified scheme for describing the color of light, typically involving three numerical values or coordinates [12] , thus matching the three types of cones previously described. Among the different color spaces available, the CIE (International Commission of Illumination) XYZ color space has been wzidely employed in scientific studies and other color spaces, like RGB or HSL are typically referred to it [13] .
The values of XYZ, also called the tristimulus values, can be obtained by using the following expressions: (3)x (λ),ȳ(λ) andz(λ) are the numerical response of the chromatic response of a standard observer and P(λ) is the spectral power distribution for the color under analysis. The CIE 1931 Standard Observer, defined to represent an average human chromatic response within a 2°arc inside the fovea, has been used in the present study [14] . Once the values of XYZ have been obtained employing the CIE curves, it is possible to derive the values of the coordinates associated with other color spaces, like RGB. This conversion only requires the employment of nine constants that were also established by CIE [15] (see Table I ) using Eq. (4) .
Finally, the HSL (Hue, Saturation, Luminance (Luminosity or brightness)) parameters can be obtained from the RGB components. It is worth mentioning that different HSL spaces have been proposed [16] , but in this work the following implementation has been used:
In the previous equations M AX = max (R, G, B) and
Apart from the HSL parameters, the color temperature has also been considered as a suitable monitoring parameter in this work. For a given light source its color temperature can be defined as the temperature associated with a blackbody (Planckian radiator) that emits radiation of the same chromaticity [17] . Its estimation has been performed in this paper using the Robertson's method [17] , where two chromaticity coordinates are employed and an interpolation is performed using the two closest isotemperature lines derived from a look-up table.
III. EXPERIMENTAL ISSUES
Several TIG (Tungsten Inert Gas) arc-welding tests with the welding setup described in [18] were performed to evaluate the performance of the proposed colorimetric analysis in terms of welding diagnostics. AISI-304 stainless steel plates were chosen for these experiments, with Argon used as protection gas.
Regarding the optical setup, two different spectrometers were mainly involved in the acquisition of the plasma optical spectra: an Ocean Optics STS (spectral range: 350-800nm, optical resolution: 1.2nm) and the BWTek Econic (spectral range: 197-968nm, optical resolution: 0.3nm). An Ocean Optics USB2000 was also considered, but its spectral range from 193 to 533 nm made it unsuitable for the colorimetric studies. Two optical fibers of core diameters 600 and 200 μm were also used to collect the plasma radiation during the welding process. It is worth noting that the colorimetric analysis requires a calibration of the spectrometer response (amplitude). This was performed using a calibration lamp (Ocean Optics DH-2000-CAL) with a known irradiance spectrum. Fig. 1 depicts the spectra measured for the two spectrometers considered in this study.
One of the key points in this study lies in the analysis of the response of the spectroscopic and colorimetric monitoring parameters to different welding perturbations like variations in the welding current, protection gas flow rate, cut-off distance and so on. Fig. 2 (a) depicts a welding seam (bead-on-plate), where two perturbations have been provoked: a variation in the cut-off distance (separation between the tip of the electrode and the plate surface) of 1 mm and a shortage in the protection gas (Ar) flow. Both T e profiles derived from the employment of the Boltzmann plot and the simplified methods (Eq. (1) and (2)) with Ar I lines have been depicted in Fig. 2 (b) . The former (black dashed line) and the latter (red line) clearly indicate the perturbation associated with the variation of the cut-off distance performed between t ≈ 2.5 and t ≈ 3 s. However, these profiles do not allow to detect the perturbation associated with the protection gas flow cut, performed at t ≈ 7.5 s. The Ar I emission lines involved in the estimation of T e are listed in Table II . The value of the coefficient of determination R 2 for the regression involved in the Boltzmann-plot method employed in the calculation of the T e profile depicted in Fig. 2 is 0.99.
The green thick line on Fig. 2 (b) depicts the color temperature profile that in this case shows a dip associated with the first perturbation, but also a clear indication of the gas flow cut with significant variations in terms of the temperature mean value.
The seam shown in Fig. 3 was performed with constant input parameters with the exception of the welding current. Its nominal value was established on 60 A, but changes to 65 (from t = 25 to t = 35 s), 70 (from t = 45 to t = 55 s) and 75 A (from t = 75 to t = 85 s) were performed during the test. The T e profile, calculated via the Boltzmann-plot method (blue line), does not show any clear perturbation correlated to the welding current changes. However, these three changes can be detected on the color temperature profile that also exhibits a decaying slope at the beginning of the process, probably due to the inherent instability associated with the start of the arc-welding process. To complete the colorimetric analysis of the welding test already presented in Fig. 3 , the three parameters of the HSL color space have been also calculated and depicted in Fig. 4 . While the luminance (green line) exhibits a profile with a rather low sensitivity to the process perturbations, both hue (blue line) and saturation (black line) allow a detection of the three events, especially the two final current changes. It is worth noting that the saturation profile is almost identical to the associated color temperature, and that the hue profile shows an inverse response to the mentioned events.
While the previous discussed results are derived from the employment of a specific spectrometer (Econic BWTek), a comparison on the performance of the two spectrometers already detailed at the beginning of this section has also been performed (spectrometer #1 (BWTek Econic) and #2 (Ocean Optics STS)). It is worth noting that these spectrometers have been chosen for this analysis given their different features in terms of spectral range, spectral response and optical resolution. In this case a bead-on-plate seam has been performed with three perturbations: a variation of the cut-off distance at x ≈ 2s, and two protection gas shortages at x ≈ 5.3 and x ≈ 8s (Fig. 5(a) ). Both the plasma electronic temperature and the color temperature have been calculated with the data acquired with both devices and their profiles are presented in Fig. 5(b) and (c) . The effects provoked by the perturbations can be appreciated in Fig. 5(a) , especially for the final gas shortage at x ≈ 8s.
For both spectrometers and profiles the perturbation at x ≈ 8s gives rise to a significant variation in the output signals (T e in blue and color temperature in red dashed line). However, the first two perturbations are not so clearly identified, although some subtle variations can be observed if a zoom is performed. 6 depicts the obtained HSL parameters for spectrometer #1 (black line) and #2 (red dashed line). The analysis of these profiles allows to identify these possible weld flaws, especially the cut-off distance variation in Fig. 6(b) and (d) (hue and luminance, respectively), the first gas shortage in Fig. 6(b) (hue) and the second gas cut using the three parameters. In terms of quality monitoring, the luminance exhibits a good profile, less noisy and with a clear detection of the three events for both spectrometers. One of the reasons to explain the differences between the profiles obtained for both devices can be found in their different amplitude response, used to correct the acquired plasma spectra, and in the different spectral ranges considered.
To facilitate a more quantitative analysis on the ability of the different chosen parameters to allow a detection of the provoked perturbations, the defect sensitivity parameter S/N * has been employed [9] . This parameter is calculated by estimating the signal-to-noise ratio over a segment of the profile where no perturbations have been generated; in this case the section between x = 6 and x = 7s has been chosen. Afterwards, the difference between the values of a given parameter (for example the color temperature) at a specific perturbation and a close region where the seam is supposed to be correct is obtained. Finally, the defect sensitivity is calculated by multiplying these two values. The study performed in this regard for the seam analyzed in Fig. (5) and (6) has been detailed in Table III , where both T e and the color temperature data have been normalized.
It can be observed how this analysis shows that the best detection of the three perturbations is obtained using the hue and luminance parameters, especially for spectrometer #1.
The effect of the spectral responses of the chosen spectrometers and their considered calibrations can be appreciated in Fig. 7 , where some of the results presented in Fig. 6 for spectrometer #2 have been compared with those obtained when the measured spectral response has not been taken into account in the process. It can be clearly observed how the profiles are somewhat different, for example exhibiting perturbations with opposite trends for both saturation and luminance. Although this might not affect the performance of the system in terms of defect detection, it can be appreciated how the defect sensitivity will change. In addition, this should be also considered if artificial intelligence solutions such as fuzzy logic or artificial neural networks are going to be involved in the monitoring systems.
IV. CONCLUSION
A detailed analysis on the feasibility of using a colorimetric approach for online welding diagnostics has been discussed in this paper. Four different parameters, the color temperature and the hue, saturation and luminance derived from the HSL color space have been considered for monitoring purposes. The studies have shown how this approach exhibits better results in terms of defect detection in some particular scenarios in comparison to the traditional plasma electronic temperature profiles.
In particular, the color temperature and the HSL parameters have given rise to a better performance for the detection of changes in the welding current and protection gas shortages. A quantitative study on the defect detection ability of the chosen variables has been performed by using the so called defect sensitivity parameter. It is worth noting that this approach allows to avoid the emission line identification stage, thus enabling a more efficient solution in terms of computational performance, but also giving rise to the possibility of designing significantly less expensive monitoring systems. In this regard it would be highly interesting to explore the performance of tricolor photodiodes.
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